determined, it is essential for mitochondrial function and for parasite growth and survival. The 48 unusual nature of this parasite enzyme, and its orthologues in related parasite pathogens, suggests 49 that selective inhibitors may have therapeutic potential across a family of parasites. 50
INTRODUCTION 52
The protozoan parasites of the Trypanosoma brucei group are the causative agents of 53 human and animal African trypanosomiasis. Bloodstream form T. brucei are ingested by the 54 tsetse fly vector and differentiates into the procyclic form parasites to colonize the tsetse midgut. 55
To infect a new mammalian host, T. brucei undergoes a series of differentiations that allows it to 56 colonize the salivary gland of the fly and to be transferred to a new host during a subsequent 57 blood meal (1). 58
The surface coat of the bloodstream form is characterized by the GPI-anchored, N-59 glycosylated variant surface glycoprotein (VSG) (2-5), while procyclic cells express a family of 60 7 fucosyltransferase motif IV, which normally occurs after the TM domain ( Fig. S1A ). Indeed, 124 further analysis of the TbFUT predicted amino acid sequence using PSort II (53), Target P (54) 125
and Mitoprot (55) suggested mitochondrial localization and identified a putative mitochondrial 126 targeting motif (M/L..RR) with RR at sequence position +30, similar to those described for other 127 eukaryotes. Conservation of this targeting motif has been previously shown for other parasite 128 mitochondrial proteins (56, 57). Further BLASTp searches show that there is generally a single 129 based on the presence/absence and intensities of the TLC bands corresponding to the 152 radiolabelled reaction products ( Fig. 1 and Table 1 ). GST-TbFUT1 showed its best activity with 153 Galβ1,3GlcNAc (LNB) (Fig. 1, lane 2 and 5) and its β-O-Methyl glycoside (Fig. 1, lane 23) . 154
Other larger oligosaccharides containing Galβ1,3GlcNAcβ1-O-R as a terminal motif (LNT and 155 LNH) were also good acceptors ( Fig. 1, lanes 13 and 16) , with the exception of iLNO ( Fig. 1,  156 lane 15). Lactose was also an acceptor (Fig. 1, lane 1) , while LacNAc and the LacNAc-157 terminating branched hexasaccharide LNnH were weak acceptors ( Fig. 1, lanes 3 and 12) . 158 Interestingly, TbFUT1 was also able to transfer fucose to 3'-fucosyllactose, albeit inefficiently 159 Gal or β-Gal-O-methyl ( Fig. 1, lanes 11 and 22) . As expected, no products were observed when 161 acceptor oligosaccharides were omitted from the reaction (Fig. 1, lane 6) . To confirm the detected 162 activities were specific to the recombinant GST-TbFUT1, and not due to some co-purifying 163 endogenous E. coli contaminant, the assay was also performed using material prepared from E. 164 coli expressing the empty pGEX6P1 vector. No transfer of radiolabelled fucose could be 165 observed in these cases (Fig. 1, lanes 7-9) . 166
A band with the same mobility as free fucose was always present in the assay reactions 167
and was considerably stronger in the presence of the GST-TbFUT1 preparation (Fig. 1 , lanes 1-6 168 and 11-24), than when GDP-[ 3 H]Fuc was incubated with the reaction buffer alone (Fig. 1 , lane 169 10) or in the presence of the material purified from the E. coli cells transformed with the empty 170 vector (Fig. 1, lanes 7-9) . These data suggest that TbFUT1 has a significant propensity to transfer 9 Fuc to water. Interestingly, one of the substrates (LNB-O-Me; Galβ1,3GlcNAcβ1-O-methyl) 172 suppressed the amount of free Fuc produced in the reaction (Fig. 1, lane 23 ), suggesting that this 173 sugar may bind more tightly to the TbFUT1 acceptor site than the other glycans and thus prevent 174 the transfer of Fuc from GDP-Fuc to water. 175
The inverting α-1,2 and α-1,6-FUTs are independent of divalent cations for their activity 176 (51, 59-61). To study the dependence of TbFUT1 on these co-factors, the assay was repeated in 177 buffer without divalent cations or containing EDTA. No change in activity was observed in either 178 case, indicating TbFUT1 does not require divalent cations for its activity (Fig. S3 ). 179 180 Characterization of the TbFUT1 reaction product. The glycan reaction products were 181 structurally characterized to determine the anomeric and stereochemical specificity of TbFUT1. 182
Initially, we performed exoglycosidase and/or acid treatment of the radiolabelled reaction 183 products (recovered by preparative TLC) utilizing Lac, LacNAc and LNB as substrates. The 184 tritium label ran with the same mobility as authentic Fuc after acid hydrolysis of all three 185 products ( Fig. S4A and C) and after Xanthomonas manihotis α-1,2-fucosidase digestion of the 186 Lac and LNB products ( Fig. S4B and C) . These data suggest that [ 3 H]Fuc was transferred in α1,2 187 linkage to the acceptor disaccharides. 188
To obtain additional and definitive data, we performed a large-scale activity assay using 189 LNB-O-Me as an acceptor and purified the reaction product by normal phase HPLC. Fractions 190 containing the putative fucosylated trisaccharide product ( Fig. S5 ) were pooled and analysed for 191 their neutral monosaccharide content, which showed the presence of Fuc, Gal and GlcNAc. The 192 purified reaction product was then permethylated and analysed by ESI-MS ( Fig. 2A) , which 193 confirmed that the main product was a trisaccharide of composition dHex 1 Hex 1 HexNAc 1 . The 194 MS/MS spectrum was also consistent with the dHex residue being attached to the Hex, rather 195 The purified TbFUT1 reaction product was also exchanged into deuterated water ( 2 H 2 O) 204 and analysed by one-dimensional 1 H-NMR and two-dimensional 1 H-ROESY (Rotating frame 205
Overhouser Effect SpectroscopY). The 1 H-NMR spectrum showed a doublet at about 5.1 ppm, 206 consistent with the signal from the proton on the anomeric carbon (H 1 ) of an α-Fuc residue ( Fig.  207 3A). A characteristic doublet for the anomeric proton of a β-Gal residue was also observed at 4.5 208 ppm. In the 1 H-ROESY spectrum, a cross-peak (labelled a) could be observed indicating a 209 through-space connectivity between the H 1 of α-Fuc and the H 2 of a β-Gal, consistent with a 210 Fucα1,2Gal linkage in the TbFUT1 reaction product (Fig. 3B ). The chemical shifts that could be 211 clearly assigned by either one-dimensional 1 H-NMR or two-dimensional 1 H-ROESY are listed in 212 (Table 3) . 213
Taken together, these data unambiguously define the structure of the TbFUT1 reaction 
Generation of TbFUT1 conditional null mutants in procyclic and bloodstream form T. brucei. 219
Semi-quantitative RT-PCR showed that TbFUT1 mRNA was present in both bloodstream form 220 and procyclic form T. brucei. We therefore sought to explore TbFUT1 function in both lifecycle 221 stages by creating TbFUT1 conditional null mutants. The strategies used to generate the mutants 222 are described in (Fig. 4 ). The creation of these mutants was possible because genome assembly 223 indicated TbFUT1 to be present as a single copy per haploid genome, and Southern blot analysis 224 using a TbFUT1 probe was consistent with this prediction (Fig. S7 ). In procyclic cells ( under non-permissive conditions also showed a clear reduction in the rate of cell growth after 2-4 254 days, dying after 3-5 days ( Fig. 5B and C) . These growth phenotypes are very similar to those 255 described for procyclic and bloodstream form TbGMD conditional null mutants that cannot 256 synthesise GDP-Fuc under non-permissive conditions ( Fig. S8 ) (26). This is consistent with the 257 hypothesis that TbFUT1 may be the only enzyme that utilizes GDP-Fuc, or at least that it is the 258 only FUT transferring fucose to essential acceptors. Further evidence that TbFUT1 is essential for 259 procyclic and bloodstream form growth was obtained from Northern blots ( Fig. 5D and E). These 260
show that TbFUT1 mRNA levels are undetectable for several days after the removal of 261 tetracycline, but that growth resumes only when some cells escape tetracycline control after about 262 29 days (procyclic form) and 11 days (bloodstream form). Escape from tetracycline control after 263 several days is typical of conditional null mutants for essential trypanosome genes (18). Evidence MitoTracker TM (Fig. 6A ). However, when TbFUT1 was introduced into wild type cells fused with 283 an HA 3 epitope tag at the N-terminus, either with or without a C-terminal MYC 3 -tag (constructs 284 pLEW100:HA 3 -FUT1-MYC 3 and pLEW100:HA 3 -FUT1), the tagged protein co-localized with 285 GRASP, a marker of the Golgi apparatus ( Fig. 6B and C) . In these cases, we suspect that N-286 terminal tagging has disrupted mitochondrial targeting, by obscuring the N-terminal 287 mitochondrial targeting sequence. Indeed, no mitochondrial targeting motif was predicted in 288 silico for N-terminal HA 3 tagged TbFUT1. Nevertheless, since the mitochondrial localization of a 289 fucosyltransferase is unprecedented, we elected to raise polyclonal antibodies against 290 recombinant TbFUT1 to further assess its subcellular location. To do so, an N-terminally His 6 -291 tagged Δ 32 TbFUT1 protein was expressed, re-solubilized from inclusion bodies and used for 292 rabbit immunization. The IgG fraction was isolated on immobilized protein-A and the anti- TbFUT1 cKO cells, grown with and without tetracycline for 5 days, were stained with antibodies 310 to mitochondrial ATPase and with MitoTracker TM . As expected ATPase and MitoTracker TM co-311 localized in wild type cells and in the mutant under permissive conditions (Fig. 8, top panels) . 312
However, under non-permissive conditions the few remaining viable cells showed significantly 313 diminished MitoTracker TM staining, indicative of reduced mitochondrial membrane potential, and 314 a reduction in ATPase staining, suggesting that TbFUT1 is in some way required for 315 mitochondrial function ( Fig. 8, lower The presence and essentiality of the nucleotide sugar donor GDP-Fuc in BSF and PCF 319 trypanosomes lead us to search for putative FUTs in the parasite genome. Only one gene 320 (TbFUT1; Tb927.9.3600), belonging to the CAZy GT11 family, was found and phylogenetic 321 analyses revealed that one, or two in the case of T. cruzi, orthologues could be found in the 322 genomes of other kinetoplastids. These putative kinetoplastid FUTs form a distinct clade within 323 the GT11 FUT superfamily and are distinct from the GT10 FUTs found in T. cruzi, L. major and 324 related parasites, which are absent in T. brucei. Consistent with TbFUT1 being the only enzyme 325 likely to utilise the essential metabolite GDP-Fuc, we found that TbFUT1 is also essential to both 326 BSF and PCF parasites. We were able to express TbFUT1 in E. coli and the recombinant enzyme 327 was used to demonstrate its activity as a GDP-Fuc : βGal α-1,2 fucosyltransferase with a 328 preference for a Galβ1,3GlcNAcβ1-O-R acceptor motif out of the acceptor substrates 329 investigated. 330
The highly unusual result was the localization of TbFUT1 to the parasite mitochondrion, 331
using an affinity-purified antibody raised against native TbFUT1 as well as C-terminal epitope 332 tagging. Although in recent years fucosylation has been described in the nucleus and cytosol of 333 HeLa cell mitochondria also leads to mitochondrial disfunction. While there are no (m)OGT 340 orthologues in kinetoplastids, these observations highlight some of the challenges inherent for a 341 mitochondrial-localized glycosyltransferase. Firstly, for TbFUT1 to be active, GDP-Fuc needs to 342 be imported into the mitochondrion, suggesting the presence of an uncharacterized mitochondrial 343 GDP-sugar transporter. Secondly, TbFUT1 appears to be an α-1,2-FUT that decorates glycans 344 terminating in Galβ1,3GlcNAc, suggesting either that additional uncharacterized 345 glycosyltransferases and nucleotide sugar transporters may be present in the parasite 346 mitochondrion, or that the glycoconjugate substrate is assembled in the secretory pathway and 347 then somehow imported into the mitochondrion to be modified by TbFUT1. Experiments to 348 resolve these options will be undertaken, as will further experiments to try to find the protein, HCl, 25 mM KCl, 5 mM MgCl 2 , 5 mM MnCl 2 , pH 7.2 for 2 h at 37°C. The acceptors tested 385 (Table 1) were purchased from Sigma, Dextra Laboratories or Toronto Research Chemicals. To 386 study the dependency on divalent cations, MgCl 2 and MnCl 2 were removed from the buffer and a 387 formulation with 10 mM EDTA was also tested. Reactions were stopped by cooling on ice, then 388 desalted on mixed bed columns as detailed in SI Methods. About 5% of the desalted reactions 389 were counted at a LS 6500 scintillation counter (Beckmann). The remaining material was 390 lyophilized for further analyses. 
Permethylation, ESI-MS analysis and GC-MC methylation linkage analysis. Purified 406
TbFUT1 reaction product was dried and permethylated by the sodium hydroxide method as 407 described in (68) . Aliquots were used for ESI-MS and the remainder was subjected to acid 408 hydrolysis followed by NaB 2 H 4 reduction and acetylation (67). The resulting PMAAs were 409 analysed using an HP6890 GC System equipped with an HP-5 column linked to a 5975C mass 410 spectrometer (Agilent). For ESI-MS and ESI-MS/MS, the permethylated glycans were directly 411 infused into a Q-Star XL mass spectrometer equipped with Analyst software (Applied (Table S2 ). The two plasmids were purified and electroporated into BSF cells as 444 
